I. INTRODUCTION

D
UE to the complexity of the manufacturing processes of REBaCuO-based (RE stands for different rare-earth elements such as gadolinium, ytterbium, and yttrium) hightemperature superconducting coated conductors (HTS-CCs), the critical current, i.e., I c , of commercial HTS-CCs varies significantly around the average critical current, i.e., I c.av , of the tapes [1] . When commercial HTS-CCs are subjected to an applied overcurrent waveform close to I c.av , the weak zones of the conductors (characterized by low I c ) might quench to their resistive state. The applied current is locally diverted to the stabilizer layer of the HTS-CCs, and sources of heat are formed by the Joule heating effect. Commercial HTS-CCs have low thermal diffusivity, and their longitudinal normal zone propagation velocity (NZPV) is extremely low (a few tens of centimeters per second). As a consequence, the heat dissipation remains localized, and the HTS-CCs are exposed to thermal instability.
A common method for reducing the heat generated near the weak zones of the HTS-CCs and mitigating the local thermal instability is to increase the thickness of the metallic sheath (often called the "stabilizer") of the conductors [2] . The resistance of the stabilizer is lowered, the transport current is sharply diverted to the stabilizer layer, and the heat rapidly diffuses within the tape. Unfortunately, this solution decreases the series normal state resistance of the HTS-CCs. Therefore, when HTS-CCs are used for resistive fault current limiter (RFCL) purposes, tapes of longer length are required to achieve a given current limitation. A direct consequence of this is an important increase in the final cost of the device.
An alternative approach for guaranteeing the local thermal stability is the enhancement of the NZPV of the HTS-CCs. Although this does not solve the I c inhomogeneity issues, it helps to propagate the normal zones from the sectors where I c is lower to the contiguous zones where I c is higher. Consequently, the peak power densities within the HTS-CCs are sensibly reduced without the thickness of the stabilizer layer being changed.
In the last few years, the enhancement of the NZPV has been extensively studied, and several valid methods have been proposed. For instance, modifying the thermal conductance between the substrate and the superconducting layer could increase the NZPV of HTS-CCs [3] . A second possibility for improving the NZPV is to substitute the common nickel alloy substrate with a material characterized by better thermal properties (e.g., sapphire) [4] , [5] . In this respect, both numerical calculations and experimental measurements demonstrate the validity of the concept. More recently, it has been suggested to deliberately increase the interfacial resistance between the superconductor layer and the stabilizer [6] . It was experimentally demonstrated that, with this method, the NZPV in HTS-CCs can be enhanced by two orders of magnitude in comparison with commercial tapes [7] . Although the proposed methods are profoundly different, the common conclusion is that the enhancement of NZPV will represent an important breakthrough for superconducting devices and, in particular, for the design of RFCLs.
A detailed discussion on which technique is effectively scalable to the manufacturing processes of HTS-CCs is beyond the scope of our work. Our research is to clarify and to quantify the effect the NZPV enhancement will have on the design Fig. 1 . Schematic overview of the electrical and thermal parts of the numerical model. In the electrical part, the longitudinal length of each tape Ltot is divided in k blocks of length L k . The thermal part of the model is solved considering a limited portion of tapes equal to Leq · N blocks , and the solution is repeated along the whole length Ltot. The thermal conduction between the different parts of the tape is implemented through the thermal resistance R T . Each block implements the same cross-section architecture.
of RFCLs. For this reason, we employed our experience in numerical modeling to analyze the impact the increase in the NZPV will have on the design of RFCLs based on HTS-CCs. First, we numerically modified the NZPV of HTS-CC candidates. All the HTS-CC candidates have the same architecture (similar to the tapes produced by SuperPower Inc.). Then, we simulated an RFCL designed with HTS-CCs with enhanced NZPV in a busbar coupler configuration. The simulated RFCL has the same specifications of the device developed within the framework of the European project ECCOFLOW [8] .
Here, we detail the numerical model we used to evaluate the HTS-CC candidates with enhanced NZPV. We then analyze the limitation performance of an RFCL for medium-voltage (MV) power grids designed with HTS-CCs with different NZPVs. We follow with a discussion about the simulation results and the impact the enhancement of NZPV will have on the design of HTS-CC-based RFCLs.
II. OVERVIEW OF THE NUMERICAL MODEL
Each phase of an RFCL device is composed of as many parallel HTS-CCs as needed to obtain the required total critical current, i.e., I c.tot . Nevertheless, for simplicity, our model does not consider differences between the paralleled HTS-CCs; therefore, we simulate a single HTS-CC. As shown in Fig. 1 , for the electrical part of the model, the longitudinal length of each paralleled tape, i.e., L tot , is divided in N blocks isothermal series blocks.
The model enables us to consider Gaussian distributions of I c derived from experimental measurements. The Gaussian distribution we considered in our example has a mean value of 380 A and a standard deviation over length, i.e., σ, equal to 6.59%. As explained in detail in our previous work [9] , the array of critical current levels (G1), which represents the Gaussian distributions of I c , takes into account the critical current levels and their corresponding probability. In our example, the Gaussian distribution is discretized in 16 levels of I c , and the probability assigned to each I c level is given by the number of blocks with the same level of I c (see Fig. 2 ).
Even if in principle it is possible to implement any number of blocks, we limited N blocks to 100. With higher N blocks , the computation time becomes demanding, and therefore, the value we chose is a compromise between the accuracy (of the discretization of the Gaussian distributions of I c ) and an acceptable computation time. Due to the thermal calibration of the model, for the thermal part, the length of each block is fixed to L eq = 5 mm. As in real applications, a single HTS-CC is between 100 and 300 m, which implies a number of blocks larger than 20 000. In order to limit N blocks to 100, we calculate the thermal conduction dynamics in a reduced part of the tape, and we assume that this part is periodically repeated along the whole tape length L tot . As the number of blocks is fixed to 100, whichever is L tot , the thermal part of the model is solved on 50 cm and repeated for the whole L tot .
The heat exchanged by two adjacent portions of the simulated tape (blocks) is taken into account through the thermal resistance R T (see Fig. 1 ). The model does not consider the heat exchange between the HTS-CC and the liquid nitrogen bath (adiabatic assumption) where the tape is immersed. In addition, the layers of the HTS-CC simulated by the model are the substrate (hastelloy C-276), the superconducting material, and the stabilizer (silver layer) [10] . The buffer layer is neglected.
The model is developed in Simulink environment and can be interfaced with common circuit elements. It can be customized for any type of HTS-CC, but the calculations presented here are performed by using specific characteristics of 12-mm-wide HTS-CCs manufactured by SuperPower Inc. More details about the numerical model are reported in [11] .
A. Formulation of the Power Index Temperature Dependence
The onset of the transition to the normal state of the superconducting material can be modeled by using a phenomenological power law that is derived from current-voltage measurements [12] . The power law describes the macroscopic effects of a superconducting material far below I c , and in principle, it loses validity when the applied current exceeds the critical current of the tape [13] . However, the superconducting transition in overcurrent regimes and, eventually, to the normal state regime is often described through the power law by implementing a variable power index (n-value).
In this respect, we used a particular form of the power law with a variable n-value for modeling the resistivity transition of the superconducting material. We model the normal state resistivity, ρ norm , of the superconducting material using data taken from the literature [14] . The whole superconductingto-normal-state resistivity of the superconducting material is given by
where E c is an electrical field criterion equal to 1 μV/cm, and J sc is the current density through the superconducting material, and it corresponds to the transport current (I sc ) divided by the superconductor cross section. The critical current density and the power index of the modeled HTS-CC are J c and n, respectively. The critical current density J c decreases linearly with the temperature increase, i.e.,
where T 0 is the temperature of the cooling bath far from the sample (77 K at 1 atm), and T c is the critical temperature of the tape (≈92 K). The empirical temperature dependence of the power index we implement in our numerical model is as follows:
where the value β determines the shape of the temperature dependence of the n-value. The parameter k1 is equal to (n 0 − 1)/2, where n 0 is the average transition index obtained from the producer datasheet. As shown in Fig. 3 , the proposed temperature dependence is divided in three regimes. Based on Anderson's theory of flux creep [15] , in the first regime, we use linear temperature dependence. Although Anderson's theory of flux creep is explicitly referred to a regime far below I c , it is often improperly scaled to overcurrent regimes [16] - [18] . However, with a transport current far above I c , a high-T c superconductor switches to a different regime, and the power index drops abruptly. This phenomenon has been experimentally proven for BSCCO tapes [19] , and it can be scaled to REBaCuO-based HTS-CCs. The transition to this second regime could be identified by introducing the current dependence of the power index [20] . However, for the REBaCuO tapes, it is difficult to decouple the applied current effect from the thermal effect in the overcurrent regime. Furthermore, in the case of HTS-CCs used for RFCL applications, when the applied current is much higher than I c , the power dissipation is important, and there is a significant increase in temperature. We introduce the threshold of χT to define when the temperature changes significantly (a tenth of a degree from the initial value) due to power dissipation. Therefore, χT defines the transition to a second regime where the power index falls down from approximately half of its initial value [21] to 1. In this second regime, the shape of the temperature dependence is defined by the parameter β. In our case, β is equal to 0.25. This value is taken from the literature [22] , [23] . We faced our model against four points overcurrent measurements. A sinusoidal voltage drop of 600 V (peak) was applied to an 8-m long HTS-CC, and the transport current was set through a variable resistance in series to the tape. The measures were performed at the Karlsruhe Institute of Technology and shared in the framework of the ECCOFLOW Project. The thicknesses of the composite materials of the simulated HTS-CC are 104.5, 1, and 4.8 μm for the substrate, the superconducting material, and the stabilizer layer, respectively.
The limited current [I s ; see blue dashed line in Fig. 4 (a)-(d)] measured during the experiments is used as input in the numerical model, and we compared our model [V model ; see red solid line in Fig. 4(a)-(d) ] with these measurements [V meas ; see black dotted line in Fig. 4(a)-(d) ]. We discuss here two examples of limited current. For both examples, i.e., high limited current [see Fig. 4(a) and (b) ] and low limited current [see Fig. 4(c) and (d) ], in our model, we implemented the common linear temperature dependence of the power index and our proposed formulation. The reason we propose an empirical formulation of the power index temperature dependence is that the implementation of linear temperature dependence for the n-value, in the range between T 0 and T c , is not appropriate for describing the voltage drop across the HTS-CC when the tape is subjected to low limited current [see Fig. 4(c) ]. In Fig. 4(a) and (b) , with high limited current, the transition to normal state is sharp, and the power law does not play an important role. The formulation of the power index does not influence the final result. In Fig. 4(c) , with low limited current, the implementation of linear temperature dependence of the n-value does not enable us to describe well the voltage drop across the HTS-CC. In particular, the error occurs in the first peak of limitation, where the role of the power law is important. With our implementation of the temperature dependence of the power index, the simulated voltage drop across the total length of the HTS-CC [V model ; see black dotted line in Fig. 4(d) ] reproduces with precision the voltage drop measured in the experiments [V meas ; see red solid line in Fig. 4(d) ] even in case of low limited current.
B. Thermal Conduction and Estimation of the NZPV
The heat shared between the different blocks of the simulated HTS-CC is modeled through a thermal resistance (R T ) proportional to the thermal conductivity of the tape. The equivalent resistance R T comes from the paralleled thermal resistances of the different layers that compose the HTS-CC. R T is modeled as follows:
where k j and A j are the thermal conductivity and the cross section, respectively, of the jth layer of the block k [24] , [25] .
The value of R T (L th ) is determined by facing the model we developed in Simulink (a lumped element model) against an equivalent model based on finite element method (FEM) techniques. If we consider the superconducting layer as a homogeneous material and we neglect the transversal gradient of temperature, we can calculate the rate of heat conduction between two generic points by solving Fourier's law in its onedimensional form.
This easy concept can be scaled to our lumped element model. In the FEM model, the temperature in the center of the superconducting layer is recorded with virtual probes, each measuring 5 mm. In our lumped element model, we assume that the temperature of each block is an average temperature equal to the local temperature tracked by a corresponding virtual probe in the FEM model. The value of L th is the value that minimizes the error between the FEM model and the lumped element model. The details of the calibration of the thermal part of the model are reported in [11] .
The thermal resistance R T can be varied through the parameter α NZPV . In our model, the variation of α NZPV corresponds to a modification of the heat exchange between the blocks. For different values of α NZPV , the NZPV is calculated by simulating an overcurrent pulse as input of the model. The simulated HTS-CC is divided in 100 blocks, and as shown in The voltage drops across the different blocks can be easily recorded and the NZPV immediately calculated. The example in Fig. 6 illustrates the time evolution of the voltage drops of Block 67, Block 68, and Block 69 (see B67, B68, and B69 in Fig. 6 ) obtained with a current pulse of 1.2I c.av . The thicknesses of the composite materials of the simulated HTS-CC are 104.5, 1, and 4.8 μm for the substrate, the superconducting material, and the stabilizer layer, respectively. The NZPV of each HTS-CC candidates can be calculated using the following expression:
where L k is the length of block k equal, in this particular case, to 5 mm for each block. The relevant times t 1 and t 2 are defined by using an arbitrary quench criterion (0.1 V in Fig. 6 ). Fig. 7 shows the relation between the parameter α NZPV and the resulting NZPV. The NZPV varies significantly with the thickness of the stabilizer layer, i.e., th Ag , because with thinner th Ag , the tape is more resistive (in normal state), and with a fixed current source, the power dissipated within the tape is higher. When α NZPV = 1 and with a current pulse of 1.2I c.av , the NZPV is circa 20 cm/s for th Ag equal to 1.5 μm. By varying Fig. 7 . Relation between the parameter α NZPV and the simulated NZPV for a given thickness of stabilizer layer and an applied current pulse of 1.2Ic.av. With th Ag = 1.5 μm, the initial NZPV is ≈20 cm/s. the thermal resistance R T , through the parameter α NZPV , the NZPV is numerically modified starting from the actual NZPV of the commercial HTS-CCs (tens of centimeters per second).
III. ANALYSIS OF THE NZPV ENHANCEMENT
We simulated a three-phase RFCL module with five parallel HTS-CCs per phase. The simulated RFCL has the same specifications as the limiter developed within the European project ECCOFLOW. Similarly to our previous work [26] , the RFCL is integrated into an MV grid where it operates in a busbar coupling configuration. The MV grid is characterized by the real parameters of an HV/MV substation operated by the Spanish utility company Endesa [27] on the Balearic Islands of Mallorca. Our simulation reproduces not only the ECCOFLOW device but also the grid conditions where the device will be tested. The single-line diagram of the RFCL device integrated in the Endesa substation is shown in Fig. 8 . The prospective short-circuit current, i.e., I pssc , can be set through a fault resistance (R F ) inserted in the fault location (see point F in Fig. 8 ). The specifications of the limiter are summarized in Table I .
In order to avoid the local thermal instability of the HTS-CCs, the ECCOFLOW prototype was manufactured using tapes 180 m long (length of a single tape per phase, L tot ) and stabilized with an equivalent silver layer thickness th Ag of 3.5 μm.
In the simulations discussed here, the thickness of the silver stabilizer is fixed to 1.5 μm, and the length of the paralleled HTS-CCs (length of a single tape per phase) is chosen in order to have the same resistance offered by a tape with L tot = 180 m and th Ag = 3.5 μm.
For any thickness of the stabilizer, it is easy to obtain the resistance per unit of length, i.e., R pul . Then, it is possible to estimate the equivalent resistance, offered by an HTS-CC during the limitation of a short circuit (R int ), integrating R pul (see Fig. 9 ) over the interval of temperature as follows:
where T max is the maximum admissible temperature. The superconducting properties of an HTS-CC starts to degrade when the local temperature overshoots approximately 400 K [28] . For this reasons, in the ECCOFLOW Project, T max was set to 360 K [ 29] . This is the value we used for our analysis. Assuming L tot = 180 m and th Ag = 3.5, R int results equal to 0.21 Ω/m. In the case of th Ag = 1.5 μm, we obtain a single tape per phase equal to 100 m. Keeping fixed th Ag = 1.5 μm and L tot = 100 m, we varied numerically the NZPV of HTS-CCs from approximately 20 cm/s up to approximately 500 cm/s.
A. Tape With Low NZPV
The I pssc on the busbar line is set through the fault resistance R F at the short-circuit location F (see Fig. 8 ). When the fault is simulated with a relatively high value of R F (low values of I pssc ), the zones/blocks of the simulated HTS-CC that are characterized by low I c quench limiting the short-circuit current through the device.
In the case of low stabilization (e.g., th Ag = 1.5 μm), the few quenched zones will introduce in the grid their resistance [see black dashed line in Fig. 10(a) ], and the limited current through a single parallel HTS-CC might fall below I c.av .
As in this case where the HTS-CCs are characterized by low NZPV, the heat developed by the Joule heating effect in the quenched parts of the tapes does not evacuate, and the zones with higher I c do not contribute to the limitation of the fault.
As a consequence, the short-circuit current is limited by a small portion of the paralleled HTS-CCs [see black dashed line in Fig. 10(b) ], and the temperature increase is mainly hindered by the heat capacity of the quenched portions of the HTS-CCs (limiting length L lim ). If the amount of the HTS-CCs involved in the limitation of the fault is too small, in some points of L lim , the temperature could exceed 360 K before the intervention of the protection circuit breakers (80 ms in our simulations). The evident consequence is the local thermal instability of the parallel HTS-CCs of the RFCL module.
B. Tape With Enhanced NZPV
The NZPV has no influence on the I c inhomogeneity. Therefore, under low values of I pssc , even with a higher NZPV, the zones of the HTS-CCs characterized by a low critical current (I c < 0.9I c.av ) will quench, thus limiting the fault current through the paralleled tapes. Unlike the previous case (low NZPV), the heat developed in the sectors quenched to the normal state propagates to the contiguous zones with higher I c . The total resistance of the RFCL is higher [see red dotted line and blue solid line in Fig. 10(a) ], but the portion of tape that is involved in the limitation of the fault current is now much longer [see red dotted line and blue solid line in Fig. 10(b) ]. A higher heat capacity contributes to the limitation of the fault current. The amount of energy released locally during the fault is lower than the maximum energy that the tape can withstand.
As shown in Fig. 11 , with R F = 0, the maximum admissible temperature criterion is respected independently by the NZPV of the HTS-CC candidates. By extending the analysis to R F > 0 and keeping the parameter α NZPV = 1 (corresponding to a NZPV of approximately 20 cm/s), it is evident that HTS-CCs 100 m long with th Ag = 1.5 μm are subjected to local thermal instability and a dangerous range of possible I pssc is left (see black dashed line in Fig. 11) . Instead, the local stability of such HTS-CCs can be achieved by improving the NZPV. With a NZPV greater than 320 cm/s, the final temperature of the tapes is below 360 K, and the local thermal stability is extended to low values of I pssc (see blue solid line in Fig. 11 ).
IV. CONCLUSION
In this paper, we have investigated the impact of the enhancement of the NZPV of HTS-CCs on the design of RFCLs for MV power grids. Keeping fixed the thickness of the stabilizer and the length of the tape, we numerically modified the NZPV of potential HTS-CC candidates for RFCL applications. Then, we used our experience in numerical modeling to analyze the performance of an RFCL with the same specifications of the device developed in the framework of the ECCOFLOW Project. The local thermal stability of the HTS-CCs of the ECCOFLOW prototype was achieved by designing the limiter with tapes 180 m long, stabilized with a thick stabilizer layer of 3.5 μm and a NZPV on the order of few tens of centimeters per second (value of the actual commercial HTS-CCs). The choice of a thick stabilizer is extremely conservative and provides the needed thermal stability. Unfortunately, this solution requires tapes of long length to achieve a given current limitation. A higher NZPV will not solve the I c inhomogeneity of the HTS-CCs, but it will enable us to design the next generation of RFCLs with less stabilized HTS-CCs and, consequently, shorter tapes. With our numerical model, we can quantify the real impact of NZPV on the design of RFCLs. For instance, with a NZPV greater than 320 cm/s, the amount of HTS-CCs needed for the safe design of RFCLs, with the characteristics of the ECCOFLOW prototype, could be reduced by 40%. We believe that the confirmation of such results and the implementation of the techniques for enhancing the NZPV on the manufacturing processes of 12-mm-wide HTS-CCs will represent an important breakthrough in the design of RFCLs for MV applications.
